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ABSTRACT
Microstructure and properties of Direct Metal Deposition (DMD) parts are very
crucial to meeting industrial requirements of parts quality. Prediction, and control of
microstructure andmechanical properties have attractedmuch attention during conventional
metalmanufacturing process under different conditions. However, there is few investigations
focused on microstructure simulation and mechanical properties control under different
process parameters during DMD process. This dissertation is intended to develop a multi-
scale model to investigate Ti6Al4V grain structure development and explore Ti6Al4V
based functionally graded material (FGM) deposit properties during DMD process. The
first research topic is to investigate and develop a cellular automaton-finite element (CA-FE)
coupled model to combine with thermal history and simulate nucleation sites, grain growth
orientation and rate, epitaxial growth of new grains, remelting of preexisting grains, metal
addition, and grain competitive growth. The second research topic is to develop grain growth
algorithm, which is appropriate for highly non-uniform temperature field and high cooling
rate, to control grain structure under real-time changing process parameters. The third
research topic is to investigate the influence of process parameters on microstructure and
properties of Ti6Al4V-based FGMs, which are fabricatedwith different TiC volume fraction
from 0 to 30vol%. The microstructure, Vickers hardness, phase identification, tensile
properties of FGM are measured to investigate the fabricated FGM qualities. The Digital
Image Correlation (DIC) is developed to analyze Young’s modulus versus composition of
FGM parts.
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Compared with the conventional subtractive manufacturing technologies, additive
manufacturing (AM) has unique advantages including low heat input, small heat-affected
zone, solid-free-form fabrication, near-net-shape, low material waste, and so on. Direct
metal deposition (DMD), a rapid developing AM technique, is able to manufacture a fully
dense metal part without intermediate steps, which is especially appropriate for the hetero-
geneous components manufacturing. The microstructure evolution during manufacturing
process is definitely different from conventional casting and welding since it is under higher
cooling rate, highly non-equilibrium condition, cycling heating and cooling process and
real-time material addition. The as-deposit microstructure plays a critical role in determin-
ing parts’mechanical properties, which is directly affected by material itself and the whole
manufacturing process. Therefore, the prediction and control of microstructure and prop-
erties during DMD are necessary such that as-deposit metal parts can meet strict industrial
requirements.
DMD is especially appropriate for manufacturing heterogeneous parts because it
can change feeding material composition, thus changing parts’microstructure, and prop-
erties smoothly. The advantages of multiple materials can be obtained within one part,
which extend the application situation of as-deposit parts. Titanium alloys, especially the
Ti6Al4V alloy, are widely utilized in aerospace industry, medical apparatus and manu-
facturing application. The reason is that Ti6Al4V possesses excellent properties, which
includes high-strength-to-weight ratio, high temperature strength, low density and excellent
2corrosion resistance. However, Ti6Al4V doesn’t have high surface hardness, stiffness or
wear resistance, which limits Ti6Al4V application in some extreme conditions. Conven-
tional composite, such as Matrix Metal Composite (MMC), can improve parts’performance
to some extent. However, the material ratio and selection are limited very much since
different Coefficient of Thermal Expansion (CTE) among different materials can result in
crack readily when the ratio is high. Functionally gradient materials (FGM) with DMD
technique can be selected as a potential to both improve material properties and build crack
and pore free deposited parts. A series of process parameters and material composition will
prominently influence the parts’qualities and microstructure, which determine the thermos-
physical and mechanical properties. This dissertation investigates microstructure prediction
of as-deposit parts, the effect of process parameters and TiC composition on microstructure,
hardness and mechanical properties of FGM parts.
1.2. RESEARCH OBJECTIVES
The main objective of this dissertation is to develop a multi-scale model to investi-
gate Ti6Al4V grain structure development and explore Ti6Al4V based FGM deposit parts
microstructure and properties during DMD process.
The objective of the research task one is to predict microstructure evolution of
single-layer and multiple-layer part during DMD process. Actually, there are two sub-tasks
for research task one. The first one is to calculate the temperature field of the whole part,
which offers the thermal history of macroscopic nodes and are validated by the experiment.
The second one is to develop a multi-scale predictive model to simulate nucleation sites,
grain growth orientation selection and growth rate, epitaxial growth of new grains on
the interface, remelting of preexisting grains, metal addition, grain competitive growth,
and columnar to equiaxed transition phenomenon within substrate and melt pool domain.
3Based on the predictive multiscale model, a 2D single-layer and multiple-layer simulation
is conducted to provide a guideline of microstructure evolution. The predictive simulation
is also validated by the DMD experiment with Ti6Al4V material.
The second task is to develop CA grain growth algorithm, which is appropriate for
highly non-uniform temperature field and high cooling rate, to control grain structure. A
“decentered polygon”algorithm is proposed to solve grain growth under non-equilibrium
condition during AM manufacturing process. Compared to conventional grain growth
algorithm, the simulation result of new algorithm is more closed to experimental result. The
grains keep the original orientation, and the overgrowth effect among grains can be achieved,
which is agreement well with experiment. The third research task is to investigate the effect
of process parameters and TiC composition on microstructure, hardness and mechanical
properties of as-deposit FGM parts. The effect of laser power, scan speed, and material
composition on microstructure and Vickers hardness are investigated. The relationship
between energy density and dendritic arm spacing is evaluated. Current work presents
unique and original contributions from the study of miniature FGM tensile specimens using
DIC method. It investigates the effect of specimen orientation and TiC content on Young’s
modulus and UTS.
The outcomes of the above research tasks are expected to lead to new knowledge that
simulates the grain structure development of single-layer and multiple-layer deposition and
improves microstructure, hardness, and stiffness of Titanium alloy for structural application
during DMD process. The boarder impact is considerable. The model can be applied in
large-scale thermal and microstructural evolution, including millions of grains. The process
parameters can be optimized to control microstructure, thus obtain admired microstructure
and properties. Some properties, such as Young’s modulus, can also be the reference for
some modeling computation of FGM.
41.3. ORGANIZATION OF DISSERTATION
In this dissertation, three major research and developments are presented and or-
ganized as shown in Figure 1.1. Paper I focuses on building a predictive model based
on a cellular automaton (CA)-finite element (FE) method to simulate thermal history and
microstructure evolution during metal solidification for DMD process. The macroscopic
FE calculation was designed to update the temperature field and simulate a high cooling
rate. In the mesoscopic CA model, heterogeneous nucleation sites, preferential growth
orientation, and grain growth rate were simulated. The CA model is able to show the
entrapment of neighboring cells and the relationship between undercooling and the grain
growth rate. The model predicted the grain size, orientation, and morphological evolution
during the solidification phase of the deposition process. Paper II aims to develop grain
growth algorithm, which is appropriate for highly non-uniform temperature field and high
cooling rate, to control grain structure. By comparing to previous growth method, it is
proved that the developed “Decentred Polygon”growth method can keep grain orientation
and simulate grain overgrowth mechanism, which is closer to experimental observation.
Paper III investigates the effect of process parameters and composition on microstructure
and properties of Ti6Al4V-based FGMs, which are fabricated with different TiC volume
fraction from 0 to 30vol%. The microstructure, Vickers hardness, Young’s modulus, and
UTS of FGM are measured and analyzed under different laser power and scan speed.
5Figure 1.1. Framework of this dissertation
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ABSTRACT
In this paper, a predictive model based on a cellular automaton (CA)-finite element
(FE) method has been developed to simulate thermal history and microstructure evolution
during metal solidification for the laser-based additive manufacturing process. The macro-
scopic FE calculation was designed to update the temperature field and simulate a high
cooling rate. In the microscopic CA model, heterogeneous nucleation sites, preferential
growth orientation, and dendritic grain growth were simulated. The CA model was able to
show the entrapment of neighboring cells and the relationship between undercooling and
the grain growth rate. The model predicted the dendritic grain size, and morphological
evolution during the solidification phase of the deposition process. The grain morphology
result has been validated by the experiment.
Keywords: Heat transfer, Finite element analysis, Cellular automaton, Grain growth, Direct
metal deposition
71. INTRODUCTION
Additive Manufacturing (AM) technology is used to produce physical models, pro-
totypes, or functional gradient components directly from 3D computer-aided design (CAD)
data. The thermal history of the whole component and themicrostructure after solidification
play a critical role in the metallurgical and mechanical properties, which are the main con-
cerns for engineers. As shown in Figure 1, the laser deposition system uses a focused laser
heat source to generate a molten pool on a substrate and melt injected powder, thus creating
a fully dense deposited bead. Ehsan Toyserkani et al. [1] developed a 3D transient finite
element model of laser cladding by powder injection to research the effects of laser pulse
shaping on the process. Masoud Alimardani et al. [2] presented a 3D transient numerical
approach for modeling the multilayer laser solid freeform fabrication (LSFF) process to
predict time dependent geometry, temperature, and thermal stress fields, which was ver-
ified by the AISI 304L stainless steel experiment. Solidification thermal history affects
microstructure evolution, which directly affects materials’mechanical properties. Several
approaches have been taken to model microstructure evolution. A Monte Carlo stochastic
method was shown by M. Anderson et al. [3], but this method does not explicitly consider
the relationship between the growth rate of dendrite tips and undercooling. A phase field
method was used by Choudhury et al. [4], but this method carried a high computational
cost because of a requirement for a very fine computational grid. Another method employs
a cellular automaton (CA) method proposed by Rappaz and Gandin [5]. The CA algorithm
characterizes the discrete temporal and spatial microstructural evolution by utilizing a net-
work of regular cells [6].The advantages of the CA model are that it is based on a strict
physical mechanism and has a low computation cost. The CA model can be coupled with
a macroscopic thermal model to consider heat and mass transfer in complex geometries.
The CA method for prediction of microstructure development was used to simulate the
microstructure. Gandin et al. [7][8] developed a 2D and 3D cellular automaton (CA)-finite
element (FE) model for the prediction of solidification grain structures. Gildas Guille-
8Figure 1. Laser deposition system schematic
mot et al. [9] investigated the prediction of solidification grain structures coupled with
the calculation of solid and liquid flow induced macrosegregation with a coupled FE-CA
mode. Zhijian Wang et al. [10] utilized FE-CA method to simulate the TC4 titanium alloy
grain structure of molten pool during laser cladding solidification. However, there is little
investigation on predicting one-layer and multiple-layer Ti-6Al-4V grain morphology and
obtaining experimental validation during direct metal deposition (DMD).
In this study, ABAQUS was used to calculate the temperature field of the whole
part, which offers the macroscopic FE nodes’temperature. Interpolation was utilized to
obtain the finer nodes’temperature based on the FE nodes result. The CA model was built
to simulate the microstructure information, such as the dendritic grain size and columnar
grain orientation. The microstructure simulation results were validated by the experiment.
The model parameters for the simulations were based on Ti-6Al-4V material.
9Figure 2. Flow chart of coupling FE-CA model
2. MATHEMATICAL MODEL
2.1. FINITE ELEMENT MODEL OF THERMAL ANALYSIS DURING LASER
METAL DEPOSITION (LMD)
2.1.1. Governing Equations in Heat Transfer. In the laser metal deposition
(LMD) process, the temperature history of the whole domain directly influences the depo-
sition microstructure, which is critical to mechanical properties [11]. In order to obtain
the microstructure information during the solidification process, the temperature field must
be known at each time step. The transient temperature field throughout the domain was
obtained by solving the 3D heat conduction equation (1), in the substrate, along with the
appropriate initial and boundary conditions [12].

























where T is the temperature, ρ(T) is the density, cp(T) is the specific heat, k(T) is the heat
conductivity, and ÛQ is the internal heat generation following certain energy distribution per
unit volume.
2.1.2. Initial Conditions and Boundary Conditions. The initial conditions ap-
plied to solve (1) were:
T (x, y, z, 0) = T0 (2a)
T (x, y, z,∞) = T0 (2b)
where T0 is the ambient temperature. In this study, T0 was set as room temperature, 298
K. The boundary conditions, including thermal convection and radiation, are described by
Newton’s law of cooling and the Stefan-Boltzmann law, respectively. The laser heating
source term ÛQ, in (1), also was considered in the boundary conditions as a surface heat
source. The boundary conditions then could be expressed as [12]
K (∆T · n) |Γ=
[




|Γ, Γ < Λ (3a)
K (∆T · n) |Γ=
[




|Γ, Γ ∈ Λ (3b)
where k,T ,T0 and ÛQ bear their previous definitions, n is the normal vector of the surface, h is
the heat convection coefficient, ε is the emissivity, σ is the Stefan-Boltzman constant which
is 5.6704 × 10−8W/m2K4, Γ represents the surfaces of the work piece and Λ represents the
surface area irradiated by the laser beam.
2.1.3. Assumptions in the Finite Element Modeling. In order to simulate the
thermal history during the laser metal deposition more efficiently and reduce the compu-
tational cost, some assumptions were taken into account. In the experiment, a Gaussian
distributed laser beamwas utilized to melt the substrate vertically with a non-uniform power
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density. [14] Thus, the transverse intensity variation is described as (4):








where α is the laser absorption coefficient, P is the power of the continuous laser, w(y) and
is the distance from the beam axis where the optical intensity drops to 1/e2(≈ 13.5%) of the
value on the beam axis. α was set as 0.4 based on numerical experiments in the LAMP lab,
and w(y) is 1 mm in this simulation. The motion of laser beam was simulated by adjusting
the position of beam center R with programming a user subroutine “DFLUX” in ABAQUS.























where x, y, and z are the spatial coordinates of the Gaussian laser beam center, and u, v, and
w are the laser moving velocities.
The Marangoni effect caused by the thermocapillary phenomena can directly in-
fluence the temperature field in the whole domain, so it is taken into account to obtain
more accurate thermal history during LMD. [2] The artificial thermal conductivity was put






where km is the modified thermal conductivity, and Tliq is the liquidus temperature.
In the FEA model, the powder addition was simulated by activating elements in
many steps.[16] The width of the deposit area is assumed to be the same as the Gaussian
beam. The thickness of each layer is calculated by transverse speed, powder feed rate and
absorption efficiency. The deposit geometry, boundary condition and heat flux was updated.
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2.2. MICROSCOPIC CA MODEL
Heterogeneous nucleation occurs nearly instantaneously at a characteristic under-
cooling. The locations and crystallographic orientation of the new nuclei are randomly
chosen at the surface or in the liquid. As explained by Oldfield [17], the continuous nucle-
ation distribution, dn/d∆T,,which characterizes the relationship between undercooling and
the grain density, is described by a Gaussian distribution both at the mould wall and in the
bulk liquid (7). The parameters of these two distributions, including maximum nucleation
density , the mean undercooling , and the standard deviation of the grain density distribution





















where nmax is the maximum nucleation density of nucleation grains, which is obtained by
the integral of the nucleation distribution (from zero undercooling to infinite undercooling).
∆TN and ∆Tσ are the mean undercooling and standard deviation of the grain density
distribution, respectively. Here, all temperatures are in Kelvin.
Undercooling is the most important factor in the columnar and dendrite growth rate
and grain size. The total undercooling of the dendritic tip consists of three parts: solute
undercooling, thermal undercooling, and curvature undercooling. For most metallic alloys,
the kinetic undercooling for atom attachment is small, so it is neglected [18]. The total
undercooling can be calculated as follows:
∆T = mC0 [1 − A(PC)] + θt I(Pt) + 2ΓR (8)
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where m is the liquidus slope; Γ is the Gibbs-Thomson coefficient; C0 is the solute con-
centration in the liquid far from the solid-liquid interface; Pt and Pc are the thermal and
solutal Pe´clet numbers, respectively; k is the solute partition coefficient at the solid-liquid
interface; A(PC) equals [1 − (1 − k)I(Pc)]−1; θt is the unit thermal undercooling (= ∆h f /c);
and R is the radius of the dendritic tip.
For the laser deposition process, the rapid solidification condition corresponds to a
high Pe´clet number at which the dendritic tip radius is given by (9)
R = [ Γ
σ∗(mG∗c − G∗)
]1/2 (9)
where, σ∗, the marginal stability constant, approximately equals 1/4pi2 [19], G∗ and G∗c are
the effective temperature gradient and concentration gradient, respectively.
2.3. COUPLING MACROSCOPIC FE AND MICROSCOPIC CA MODELS
The temperature field result can be used to calculate enthalpy increment, which
is necessary to calculate enthalpy at each time step. A linearized implicit FE enthalpy








· {δH} = − {K}t · {T}t + {b}t (10)
where {M} is themassmatrix; {K} is the conductivitymatrix; {b} is the boundary condition
vector; and {T} and {H} are the temperature and enthalpy vectors at each node of the FE
mesh, respectively. The Newton Method and Euler implicit iteration are included in (10).
This set of equations can be solved using the Gauss elimination method for {δH}.
δH = ρ · cp · [T t+δt − T t] − ∆H f · δ fs (11)
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Figure 3. Interpolation schematic between FE and CA models
Thus, the next time-step enthalpy can be obtained by the relationshipHt+1i = H
t
i+δH.
The new temperature field can be obtained from the coupling model using (11). ∆H f is the
latent heat of fusion per unit volume. δ fs can be calculated as in [7].
In the FE macroscopic model, the temperature field was calculated on a relatively
coarse mesh, but the solidification microstructure had to be developed on a finer regular CA
mesh with a cell size of the order of the secondary dendrite arm spacing (SDAS). Figure
3 indicates the interpolate relationship between coarse FE nodes and fine CA cells. The
known temperature T tn and the volumetric enthalpy variation δHn were interpolated into the
CA network by the linear interpolation in (12) and (13). φvn is the interpolation coefficient.
Every CA cell temperature in the calculation domain can be obtained with this interpolation.
In figure 3, x, y, and z represents the FE temperature nodes (coarse grids), and v represents
the CA cells (fine grids). The three linear interpolation coefficients from FE nodes x, y, z
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φvn · Htn (13)
The finer temperature, T tv , and enthalpy variations δHtv in regular CA cells were used
in equation (13) to yield the temperature in the next micro time step. After a few micro time
steps, the temperature field in the CA network could be substituted into the coarser nodes
of the macroscopic model.
3. SIMULATION RESULTS
Figure 4 indicates the position of the deposition area on the substrate and the size of
the substrate. The temperature-dependent thermal and mechanical properties of Ti-6Al-4V,
including density, specific heat, thermal conductivity, and latent heat, are provided as input
parameters for the FE model [13]. ABAQUS was used to simulate the temperature field
of the substrate and deposited material, including the deposition materials added on the
substrate when the laser moved forward and backward. The dimensions of the substrate
are 2′′ × 0.5′′ × 0.25′′. A Fortran subroutine was written to simulate the Gaussian moving
laser’s heat source. The laser deposition of single layer Ti-6Al-4V was conducted with the
power of 750 W, scanning speed of 600 mm/min and powder delivery of 12 g/min. The
deposited material was added by activating elements in the deposition domain in a stepwise
manner. All material properties were considered temperature-dependent shown in Table 1.
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Figure 4. Ti-6Al-4V substrate dimension schematic
3.1. SOLIDIFICATION GRAIN MORPHOLOGY MODELING UNDER LASER
DEPOSITION
The deposition temperature field and grain morphology were simulated first only
in one layer. Figure 5 shows thermal history of the whole block during the LMD process.
Figure 5(a) indicates the temperature field of the whole block when laser beam is passing
along x direction at time = 1.0s. while Figure 5(b) shows the temperature field when
substrate cools down with laser off at time = 29.0s. The total physical time of one-layer
laser deposition is 2 s, while the cooling time is 28 s in the simulation. For each step, the
step time is 0.1 s when the laser is shot on the surface of the deposited material. After 30 s
cooling down, the temperature distribution is more uniform. Figure 6 indicates the thermal
history of two nodes, which locate at the center point in the deposit and 1mm away from
the deposit. The result shows that the highest temperature in the deposit is approximately
2884 K, which occurred at the center of the Gaussian beam. The center node at 1mm
away from the deposit arrives at peak temperature of 1126K that cannot melt the Ti6Al4V
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Table 1. Ti-6Al-4V temperature-dependent properties in the FE-CA simulation [13]
Temperature (K) Thermal Conductivity
(W/(m · K))
Density (kg/m3) Specific Heat
(J/(kg · K))
300 5.9596 4419.7 547.54
500 9.1095 4388.9 590.54
700 12.2495 4358.1 633.54
900 15.3895 4327.3 676.54
1100 18.5295 4296.5 719.54
1300 20.0227 4265.7 646.83
1500 22.5627 4234.9 682.85
1700 25.1027 4204.1 718.87
1900 27.6427 4173.3 754.89
2100 37.648 3799.6 831
2300 42.448 3663.6 831
2500 47.248 3527.6 831
2700 52.048 3391.6 831
2900 56.848 3255.6 831
substrate. Based on every node’s thermal history, the undercooling (discrepancy between
liquidus temperature and current temperature) that is critical to resulting in grain nucleation
and growth rate can be determined.
The thermal history during the whole deposition process can directly influence
the grain structure and size distribution. The Figure 7 indicates that grain morphology
simulation of single-layer deposition of Ti-6Al-4V. In the legend, ‘CLASS’ represents
orientations of different grains. The four subfigures show 200ms solidification process.
The domain size in the CA model was 2.0mm × 0.4mm, and the simulation time was 200
ms. The Y and Z axes are agreement with temperature field coordinates. The original
temperature nodes obtained from ABAQUS were linearly interpolated because the element
size in ABAQUS was 200µm. The size of each cell was 10µm in the CA model. Different
colors indicate individual grains. The grain nucleation sites and growth rate were controlled
by the temperature history obtained from the FEA model. When it decreases to the liquidus
temperature, nuclei appear at the random sites in the molten pool or at the interface between
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Figure 5. Cross sectional simulated temperature distribution during single-layer laser
deposition process at (a) time = 1.0s (b) time = 29.0s
the solid and liquid. When the temperature continues to decrease, some nuclei grow along
random orientation in a certain growth rate. Since the cooling rate is very high, a large
amount of small grains form during the cooling process. For one-layer laser deposition
microstructure simulation, the grains were almost equiaxed. The grain size varied from
30µm to 150µm. There are little columnar grains for one-layer laser deposition. Figure 8
depicts the temperature field of the substrate and deposited material, including the 25-layer
deposition materials added on the substrate when the laser moved forward and backward.
The laser deposition of multiple-layer Ti-6Al-4V was conducted with the power of 750
W, scanning speed of 200 mm/min, and powder delivery of 2 g/min. The elemental size
is non-uniform along three directions since it is not necessary to apply fine elements to
where the location is far from the molten pool. Figure 9 shows that the thermal history
and peak temperature of different layers are not identical. The higher layer performs higher
thermal history because the higher layer accumulates more heat than the lower one and it is
closer to heat source. Figure 10 shows multiple layers of the Ti-6Al-4V grain morphology
under the laser deposition process. In the legend, ‘CLASS’ represents orientations of
different grains. Y and Z coordinates are in agreement with 25 layer thermal history result.
Irregular grain shape and size can be obtained. When more layers were deposited, columnar
grains began to dominate, while equiaxed grains began disappearing. As the solidification
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Figure 6. Temperature history at the center node in the deposit and substrate during
deposition and cooling process
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Figure 7. Grain morphology simulation of single-layer deposition of Ti-6Al-4V at (a)
t=50ms, (b) t=100 ms, (c) t=150 ms, (d) t=200 ms
Figure 8. Thermal history for 25-layer Ti-6Al-4V laser deposition
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Figure 9. (a) Three nodes location cross-section schematic (b) Thermal history of the center
node at 1st, 10th and 20th layer
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Figure 10. Grain morphology modeling of 25-layer Ti-6Al-4V laser deposition
process continues, competitive growth among different grains occurrs. Therefore, the size
of columnar grain increases, and the number of grains goes down. The orientations of the
columnar grains were almost perpendicular to the lasermotion’s direction because the grains
grew along thermal gradient direction. The domain size in the CA model was 2mm × 2mm
Based on this cellular automaton simulation result, the width of the columnar grains varied
from 100µm to 600µm.
4. EXPERIMENTAL VALIDATION
4.1. MICROSTRUCTURE VALIDATION
A laser deposition experiment was conducted with the power of 750 W, scanning
speed of 200 mm/min and 2g/min for 25 layer deposit. The powder absorption efficiency
in the LAMP lab is about 0.3 âĂŞ 0.4 after the measurement. Figure 11 shows Ti-
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6Al-4V deposition grain microstructure. The deposit region cross section dimension is
1.8mm × 1.9mm, which is close to 2mm × 2mm assumption in the simulation. It can be
observed that columnar grains dominate in the laser deposition area. Figure 12 (a) and (b)
indicate the whole deposition region at different magnification and the locations of top and
bottom region, while (c) and (d) shows the grain size and shape with higher magnification.
In Figure 11, it can be observed that at the bottom deposition, crystallographic orientation
is not only limited to the vertical direction. As deposit goes up, columnar grains along the
steepest thermal gradient direction overgrow other grains, then dominate the microstructure.
This phenomenon verifies the columnar grain orientation in the simulation result. Figure
12 shows the grain size measurement result at bottom and top region. The columnar grain
size increases as the deposition goes up. After measurement, the grain size ranges from
75µm to 290µm and 420µm to 700µm at the bottom and top deposition, respectively. In
the model, the columnar grain width varied from 60µm to 600µm within a 2mm × 2mm
domain. The current grain morphology modeling result is in the same order of magnitude
as optical morphologies.
5. CONCLUSION
The transient temperature field of one-layer and multiple-layer deposition of Ti-6Al-
4V was simulated with finite element method. The FE model provides the temperature at a
relatively coarse scale and interpolation algorithm was used to scale the temperature field to
match that of the CA model. The FE-CA model predicts grain morphology evolution as the
deposition cools down. Hence, the instantaneous nucleation law, dendritic grain growth,
and crystallographic orientation were modeled in this study. It has been found that the
equiaxed grains dominated for one-layer deposition, while columnar grains dominated in
the 25-layer deposition in the simulation. The grain size becomes larger when the position
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Figure 11. Ti-6Al-4V deposition grain morphologies at (a)(b) the whole deposition (c) the
bottom region deposition (d) the top region deposition
Figure 12. Simulated and experimental grain size measurement at bottom and top region
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is closer to the top area of the deposition, which matches well with the microscopic result.
It demonstrates that this FE-CA simulation can reasonably predict thermal history and grain
morphology during this case of laser metal deposition.
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ABSTRACT
In this paper, a predictive multi-scale model based on a cellular automaton (CA)-
finite element (FE) method has been developed to simulate thermal history and microstruc-
ture evolution during metal solidification for Direct Metal Deposition (DMD) process. The
macroscopic FE calculation that is validated by thermocouple experiment is developed to
simulate the transient temperature field and cooling rate of single layer and multiple layers.
In order to integrate the different scales, a CA-FE coupled model is developed to combine
with thermal history and simulate grain growth. In the mesoscopic CA model, heteroge-
neous nucleation sites, grain growth orientation and rate, epitaxial growth, re-melting of
pre-existing grains, metal addition, grain competitive growth, and columnar to equiaxed
phenomena are simulated. The CA model is able to show the entrapment of neighboring
cells and the relationship between undercooling and the grain growth rate. The model
predicts the grain size, and morphological evolution during the solidification phase of the
deposition process. The developed “decentered polygon” growth algorithm is appropri-
ate for the non-uniform temperature field. Finally, the single and multiple-layer DMD
experiment is conducted to validate the characteristics of grain features in the simulation.
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1. INTRODUCTION
Compared with the conventional subtractive manufacturing technologies, additive
manufacturing (AM) has unique advantages including low heat input, small heat-affected
zone, solid-free-form fabrication, near-net-shape, and so on. Direct Metal Deposition
(DMD), a rapid developing AM technique, is able to manufacture a fully dense metal
part without intermediate steps, which is especially appropriate for the heterogeneous
components manufacturing. During the deposition process, solidification thermodynamics
determined by a series of process parameters affect microstructure evolution, which directly
affects materials mechanical properties. The temperature field history and the cooling
rate is the key factor to controlling the solidification microstructure after DMD process
[1]. Several approaches, including stochastic and deterministic, have been taken to model
solidification microstructure evolution. Anderson et al. [2, 3] developed a Monte Carlo
(MC) stochastic method to simulate the grain growth, topology, grain size distribution,
curvature and grain velocities, as well as their interrelationships. Saito and Enomoto [4]
incorporated the anisotropy of the grain boundary energy, the pinning effect of precipitates
on growth kinetics into the MC simulation. Another idea of modeling is the deterministic
approach. Chen [5] investigated a phase field (PF) method to model and predict mesoscale
morphological and microstructure evolution in materials. Krill et al. [6–8] developed PF
to simulate 2D grain growth, 3D gain growth, equiaxed solidification. However, a phase
field model usually carries a very high computational cost because of a requirement for a
particularly fine computational grid.
In order to reduce the computational cost, RAPPAZ and GANDIN [9] put forward a
two dimensional cellular automaton approach to model the grain structure formation in the
solidification process. The model includes the mechanisms of heterogeneous nucleation
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and of grain growth. Nucleation occurring at the interface as well as in the liquid metal is
treated by using two distributions of nucleation sites. The location and the crystallographic
orientation of the grains are chosen randomly among a large number of cells and a certain
number of orientation classes, respectively. However, the model was then applied to
small Al–7wt%Si specimens of uniform temperature. In order to develop the non-uniform
temperature prediction, GANDIN et al [10] proposed a 2-dimensional Cellular Automaton
(CA) technique for the simulation of dendritic grain formation during solidification. The
non-uniform temperature situation was fully coupled to an enthalpy- based Finite Element
(FE) heat flow calculation. This progress made it possible to combine the temperature
field history with the microstructure evolution. The coupled CA-FE model is applied
to A1-7wt% Si alloy. A three dimensional CA-FE model was analyzed of prediction
of dendritic grain structures formed during solidification [11]. The potentiality of the
CA-FE model is demonstrated through the predictions of typical grain structures formed
during the investment casting and continuous casting processes. Based on the features of
several developing approaches, Choudhury et al [12] compared a CA model with a PF
model for simulations of dendritic solidification of an Al–4wt%Cu alloy, two- and three-
dimensionally at different undercooling. In 2D, the PF model shows an excellent agreement
of the simulated tip properties. At high undercooling, the CAmodel becomes advantageous,
as its reproduction of the theoretical behavior improves. As the CA model is capable of
simulating at coarse scales in a comparably short time, its output can be used as input
for a PF simulation for resolving finer details of microstructure formation. This can be
utilized to build a hybrid model to integrate CA high efficiency and PF accuracy. Dore
[13] investigated quantitative prediction of micro-segregation during solidification of the
ternary alloy system, which is applied to solidification of Al–Mg–Si. Jarvis et al [14] firstly
compared 1D, 2D and 3D cellular automaton finite difference (CA-FD) simulations of non-
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equilibrium solidification in Al–3.95Cu–0.8Mg ternary alloy. It has been demonstrated
that there is good agreement between all CA-FD models in terms of primary α–Al phase.
However, final dendrite arm spacings of 2D and 3D are slightly overestimated.
High cooling rate and non-equilibrium is a typical characteristic of DMD technique
comparing conventional casting process and simulation. Grujicic et al. [15] proposed a
modifiedCA-basedmethod to investigate the evolution of solidification grainmicrostructure
during LENS rapid fabrication process. This research established the relationship between
process parameters (e.g. laser power, laser velocity) and solidification microstructure in
binary metallic alloy. The finite difference analysis was also coupled with the modified CA
to calculate the temperature field as the input of microstructure prediction. Kelly et al. [16,
17] developed the thermal history in DMDof Ti6Al4V andmicrostructural characterization.
However, there is few investigation on microstructure evolution prediction based on whole
deposit part during DMD process. This part-level simulation on microstructure is critical
because it provides the foundation for mechanical properties prediction and control.
In this study, a predictive multi-scale model based on a Cellular Automaton (CA)-
Finite Element (FE) method has been developed to simulate thermal history and microstruc-
ture evolution during metal solidification for a laser-based additive manufacturing process.
ABAQUS was used to calculate the temperature field of the whole part, which offers the
macroscopic FE nodes’ temperature. In order to integrate the different scales, a coupled
model is developed to combine with thermal history and simulate nucleation site, grain
growth orientation and rate, epitaxial growth of new grains, remelting of preexisting grains,
metal addition, and grain competitive growth. Interpolation was utilized to obtain the finer
nodes’ temperature based on the FE nodes result. The temperature field was validated
by the type K thermocouples. The CA model, which was able to show the entrapment
of neighboring cells and the relationship between undercooling and the grain growth rate,
was built to simulate the microstructure information, such as the grain size and columnar
grain orientation. The developed “decentered polygon” algorithm is more appropriate for
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Figure 1. Laser powder deposition schematic
grain structure development in the highly non-uniform temperature field. This simulation
will lead to new knowledge that simulates the grain structure development of single-layer
and multiple-layer deposition during DMD process. The microstructure simulation results






In the Direct Metal Deposition (DMD) process, the temperature history of the whole
domain directly influences the deposition microstructure, which is critical to mechanical
properties [18]. In order to obtain the microstructure information during the solidification
process, the temperature field must be known at each time step. The transient temperature
field throughout the domain was obtained by solving the 3D heat conduction Eq (1), in the
substrate, along with the appropriate initial and boundary conditions [19].
























where T is the temperature, ρ(T) is the density, cp(T) is the specific heat, k(T) is the heat
conductivity, and ÛQ is the internal heat generation following certain energy distribution per
unit volume.
The initial conditions applied to solve Eq (1) were:
T (x, y, z, 0) = T0 (2a)
T (x, y, z,∞) = T0 (2b)
where T0 is the ambient temperature. In this study, T0 was set as room temperature, 298
K. The boundary conditions, including thermal convection and radiation, are described by
Newton’s law of cooling and the Stefan-Boltzmann law, respectively. The laser heating
source term ÛQ, in (1), also was considered in the boundary conditions as a surface heat
source. The boundary conditions then could be expressed as (3a)
K (∆T · n) |Γ=
[




|Γ, Γ < Λ (3a)
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K (∆T · n) |Γ=
[




|Γ, Γ ∈ Λ (3b)
where k,T ,T0 and ÛQ bear their previous definitions, n is the normal vector of the surface, h is
the heat convection coefficient, ε is the emissivity, σ is the Stefan-Boltzman constant which
is 5.6704 × 10−8W/m2K4, Γ represents the surfaces of the work piece and Λ represents the
surface area irradiated by the laser beam.
In order to simulate the thermal history during the laser metal deposition more
efficiently and reduce the computational cost, some assumptions were taken into account.
In the experiment, a Gaussian distributed laser beam was utilized to melt the substrate
vertically with a non-uniform power density. [20] Thus, the transverse intensity variation
is described as Eq (4)








where α is the laser absorption coefficient, P is the power of the continuous laser, w(y) and
is the distance from the beam axis where the optical intensity drops to 1/e2(≈ 13.5%) of the
value on the beam axis. α was set as 0.4 based on numerical experiments in the LAMP lab,
and w(y) is 1 mm in this simulation. The motion of laser beam was simulated by adjusting
the position of beam center R with programming a user subroutine “DFLUX” in ABAQUS.























where x, y, and z are the spatial coordinates of the Gaussian laser beam center, and u, v, and
w are the laser moving velocities.
The Marangoni effect caused by the thermocapillary phenomena can directly in-
fluence the temperature field in the whole domain, so it is taken into account to obtain
more accurate thermal history during DMD. [21] The artificial thermal conductivity was
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where km is the modified thermal conductivity, and Tliq is the liquidus temperature.
In the FEA model, the powder addition was simulated by activating elements in
many small steps.[23] The width of the deposit area is assumed to be the same as the
Gaussian laser beam. The thickness of each layer is calculated by transverse speed, powder
feed rate and powder absorption efficiency. The deposit geometry, boundary condition and
heat flux was updated after each step.
2.2. TI6AL4V MORPHOLOGY PREDICTION AFTER SOLIDIFICATION
Heterogeneous nucleation occurs nearly instantaneously at a characteristic under-
cooling. The locations and crystallographic orientation of the new nuclei are randomly
chosen at the surface or in the liquid. As explained by Oldfield [24], the continuous nu-
cleation distribution, dn/d∆T,,which characterizes the relationship between undercooling
and the grain density, is described by a Gaussian distribution both at the mould wall and in
the bulk liquid. The parameters of these two distributions, including maximum nucleation
density nmax , the mean undercooling ∆TN , and the standard deviation of the grain density
distribution ∆Tσ , can be obtained from experiments and grain size measurements. The





















where nmax is the maximum nucleation density of nucleation grains, which is obtained by
the integral of the nucleation distribution (from zero undercooling to infinite undercooling).
∆TN and ∆Tσ are the mean undercooling and standard deviation of the grain density
distribution, respectively. Here, all temperatures are in Kelvin.
Undercooling is the most important factor in the columnar and dendrite growth rate
and grain size. The total undercooling of the dendritic tip consists of three parts: solute
undercooling, thermal undercooling, and curvature undercooling. For most metallic alloys,
the kinetic undercooling for atom attachment is small, so it is neglected [25]. The total
undercooling can be calculated as follows:
∆T = mC0 [1 − A(PC)] + θt I(Pt) + 2ΓR (8)
where m is the liquidus slope; Γ is the Gibbs-Thomson coefficient; C0 is the solute con-
centration in the liquid far from the solid-liquid interface; Pt and Pc are the thermal and
solutal Pe´clet numbers, respectively; k is the solute partition coefficient at the solid-liquid
interface; A(PC) equals [1 − (1 − k)I(Pc)]−1; θt is the unit thermal undercooling (= ∆h f /c);
and R is the radius of the dendritic tip.
For the laser deposition process, the rapid solidification condition corresponds to a
high Pe´clet number at which the dendritic tip radius is given by (9)
R = [ Γ
σ∗(mG∗c − G∗)
]1/2 (9)
where, σ∗, the marginal stability constant, approximately equals 1/4pi2 [26], G∗ and G∗c are
the effective temperature gradient and concentration gradient, respectively.
37
2.3. COUPLING MACROSCOPIC FE AND MESOSCOPIC CA MODELS
The temperature field result can be used to calculate enthalpy increment, which
is necessary to calculate enthalpy at each time step. A linearized implicit FE enthalpy








· {δH} = − {K}t · {T}t + {b}t (10)
where {M} is themassmatrix; {K} is the conductivitymatrix; {b} is the boundary condition
vector; and {T} and {H} are the temperature and enthalpy vectors at each node of the FE
mesh, respectively. The Newton Method and Euler implicit iteration are included in (10).
This set of equations can be solved using the Gauss elimination method for {δH}.
δH = ρ · cp · [T t+δt − T t] − ∆H f · δ fs (11)
Thus, the next time-step enthalpy can be obtained by the relationshipHt+1i = H
t
i+δH.
The new temperature field can be obtained from the coupling model using (11). ∆H f is the
latent heat of fusion per unit volume. δ fs can be calculated as in [10].
In the FE macroscopic model, the temperature field was calculated on a relatively
coarse mesh, but the solidification microstructure had to be developed on a finer regular CA
mesh with a cell size of the order of the secondary dendrite arm spacing (SDAS). Figure
2 indicates the interpolate relationship between coarse FE nodes and fine CA cells. The
known temperature T tn and the volumetric enthalpy variation δHn were interpolated into the
CA network by the linear interpolation in (12) and (13). φvn is the interpolation coefficient.
x, y, and z represents the FE temperature nodes (coarse grids), and v represents the CA
cells (fine grids). The three linear interpolation coefficients from FE nodes x, y, z to CA
cells v are φvn,x , φvn,y and φvn,z. Every CA cell temperature in the calculation domain can
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Figure 2. Interpolation schematic between FE and CA models








φvn · Htn (13)
The finer temperature, T tv , and enthalpy variations δHtv in regular CA cells were
used in Eq (13) to yield the temperature in the next micro time step. After a few micro time
steps, the temperature field in the CA network could be substituted into the coarser nodes
of the macroscopic model. The interpolated temperature field is employed as the model
input. Heterogeneous nucleation, grain growth orientation, and grain growth are solved
in the CA-FE model in terms of nucleation location distribution, random crystallographic
orientation, and CA cells capture. Figure 3 indicates the flow chart of coupling FE-CA
model. The details of CA growth algorithm are shown in Figure 4.
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Figure 3. Flow chart of the coupling CA-FE model
Figure 4. Flow chart of CA algorithm
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Figure 5. Illustration of the conventional and modified cell capture algorithm: (a) capturing
rule of cell (i, j) within a decentered square, (b) capturing rule of 8 neighboring cells
before (i, j) growth termination [27], (c) the modified cell capture and growth algorithm of
“Decentred Polygon” with neighboring cells effect for cubic crystal alloys
Figure 5 illustrates the conventional and modified cell capture algorithm. For the
conventional method, the vertices of the square envelope moves along the diagonal, and
the growth of the square envelope is determined by the center cell temperature, not local
temperature, at each time step, which results in the same growth rate for the four vertices.
The grain orientation will be along with the axis of computational domain after a few time
steps, thus losing its original orientation information. The modified “Decentered Polygon”
algorithm is implemented to control the grain growth within melt pool and at the sold/liquid
interface. Compared to the traditional “decentered square” algorithm of cell capturing,
the modified “decentered polygon” algorithm does not need to create square for each cell
when it begins to grow. Only the decentered polygon of a starting nucleated cell is tracked
during the grain growth process, which reduces the computation cost. Besides, the modified
algorithm can prevent grain orientations from realigning with x axis after a few growing
steps because each cell will stop growing when Von Neumann and Moore neighbors are
both solid. The controlling point growth rate is determined by the local cell temperature.
Therefore, the region with higher thermal gradient will solidify faster along the steepest
thermal gradient.
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Figure 6. Cross sectional simulated temperature distribution during single-layer laser
deposition process at (a) time = 1.0s (b) time = 29.0s
3. RESULTS AND DISCUSSION
3.1. SINGLE-LAYER TEMPERATURE AND GRAIN STRUCTURE
The deposition temperature field and grain morphology were simulated first only
in one layer. Ti6Al4V properties are shown in Table 1. Figure 6 shows thermal history of
the whole block during the DMD process. Figure 6(a) indicates the temperature field of
the whole block when laser beam is passing along x direction at time = 1.0s. while Figure
6(b) shows the temperature field when substrate cools down with laser off at time = 29.0s.
The total physical time of one-layer laser deposition is 2 s, while the cooling time is 28 s
in the simulation. For each step, the step time is 0.1 s when the laser is shot on the surface
of the deposited material. After 30 s cooling down, the temperature distribution is more
uniform. Figure 7 indicates the thermal history of two nodes, which locate at the center
point in the deposit and 1mm away from the deposit. The result shows that the highest
temperature in the deposit is approximately 2884 K, which occurred at the center of the
Gaussian beam. The center node at 1mm away from the deposit arrives at peak temperature
of 1126K that cannot melt the Ti6Al4V substrate. Based on every node’s thermal history,
the undercooling (discrepancy between liquidus temperature and current temperature) that
is critical to resulting in grain nucleation and growth rate can be determined.
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Figure 7. Temperature history at the center node in the deposit and substrate during
deposition and cooling process
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Table 1. Ti-6Al-4V thermal and physical properties
Temperature (K) Thermal Conductivity
(W/(m · K))
Density (kg/m3) Specific Heat
(J/(kg · K))
300 5.9596 4419.7 547.54
500 9.1095 4388.9 590.54
700 12.2495 4358.1 633.54
900 15.3895 4327.3 676.54
1100 18.5295 4296.5 719.54
1300 20.0227 4265.7 646.83
1500 22.5627 4234.9 682.85
1700 25.1027 4204.1 718.87
1900 27.6427 4173.3 754.89
2100 37.648 3799.6 831
2300 42.448 3663.6 831
2500 47.248 3527.6 831
2700 52.048 3391.6 831
2900 56.848 3255.6 831
In order that the input of microstructure model is reliable, the temperature field is
validated with four type K thermocouples. The locations are shown in Figure 8. One is
located at the starting end of laser path. Another three points are located by one side of
laser path. Arduino device is used to sample the temperature data. The TC position is near
to the melt pool. The distance is 3-3.5mm. A laser deposition experiment is conducted
with the power of 750 W, scanning speed of 600 mm/min and 2g/min for single-layer
deposit. The difference between experiment and FEM modeling is less than 10 Celsius
degree shown in Figure 9. In the real experiment, the substrate is fixed by the metal fixture,
which resulting in the more heat conduction than the FEM model. Because of argon gas,
forced convection occurred in the real experiment. This also cause lower cooling rate in
the temperature simulation. Because the difference between experiment and simulation is
smaller than 10%, the current FEA modeling is still considered as a reasonable simulation
of temperature field, which can provide the reliable thermal input for the CA model.
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Figure 8. Thermocouples location and laser scan direction schematic diagram
Figure 9. Temperature validation with four type K thermocouples measured at (a), (b), (c)
and (d) at location 1, 2, 3, and 4, respectively
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A laser deposition experiment is conducted with the power of 700W, scanning speed
of 600 mm/min and 2g/min for single-layer deposit. For this case, the cross section shown
in the figure is the computational domain. The cell size for this simulation is 6µm × 6µm.
X and Y axis represents the number of cell. The simulation result from conventional
method is shown Figure 10. It can be observed that even though different grains own
diverse orientation at the very beginning, the crystallographic orientation preference tend
to be along the axis after several time steps. Here, different color represents various grain
orientations. Finally, the equiaxed grains dominate the fusion zone. The original grain
orientations are not kept during the solidification process. It doesn’t agree well with the
single-layer experimental result shown in Figure 12.
The developed CA grain growth method is implemented under the same condition.
According to the developed CAFE simulation, the single layer simulation result is shown
in Figure 11. The grain keeps its original crystallization orientation when grain growth
is modelled. The columnar grain can be identified from the solid/liquid interface. When
grains continue to grow towards melt pool center, some grains overgrow other grains such
that there are fewer grains further away from the solid/liquid interface.
Three samples of single-layer deposits are prepared with EDM cutting, grinding,
polishing and etching. The optical microscope is shown in Figure 12. The comparison
between simulation and experimental results are shown in Figure 13. An average of twenty
measurements per sample is performed in order to determine the average grain size number.
It compares the experimental average grain size numberwith the predicted average grain size
number. The shown data suggests that a 15% error between measurements and predictions
is present. This can be considered as a reasonable prediction of grain morphology and size.
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Figure 10. Grain structure of conventional growth method for single layer Ti6Al4V depo-
sition at (a) 5ms (b) 25ms (c) 45ms (d)65ms time step
3.2. SENSITIVITY ANALYSIS
In the thermal model, the gaussian distribution heat source is simulated. The laser
diameter is determined by the location of 1/e2 of maximum intensity. Three cases from
1.5mm to 2.5 mm are shown in Figure 14. It can be seen that the bottom temperature are
the same because the input total energy are the same. The diameter difference directly
influences the energy density of heat source. Therefore, the peak temperature for three
cases are different. 2.5 mm temperature peak is delayed least since larger diameter makes
the measured center point is affected earlier such that it arrives at the peak value earliest.
For Figure 15, the power of temperature is analyzed. The combined equation is h ≈
2.41 × 10−3εT1.61, which power is 1.61. Power changes from 1.2 to 3. It can be observed
that the valley temperature varies among different power cases. Power directly affects the
combined heat transfer coefficient. When the model employs the high value of power, it
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Figure 11. Grain structure of developed growth method for single layer Ti6Al4V deposition
at (a) 20ms (b) 40ms (c) 60ms (d)80ms time step
Figure 12. Ti-6Al-4V single-layer deposition grain morphology at (a) 50x and (b) 200x
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Figure 13. Grain size comparison between simulation and experiment
represents that it dissipates heat faster. Therefore, the valley temperature will be lower.
However, for the peak temperature difference, it is approximately 300K, not as obvious as
Figure 14. For peak temperature, heat source distribution plays a much more important
role.
In the CA model, initial grain size effect on final grain morphology in the fusion
zone is analyzed in Figure 16. The three grain size are 20µm, 40µm and 80µm. It can
be seen that as the initial grain size decreases, the average grain width also decreases. In
contrast to homogeneous nucleation, where every atom in the liquid is a potential nucleation
site, the number of sites for heterogeneous nucleation depends on the amount and type of
foreign substrate. A large initial grain size limits available nucleation sites for FZ grains.
There are less nucleation occurrence at the liquid/solid interface. Competition between
the grains ensures that further growth follows similar trends. Compared to electron beam
welding process in the ref, the similar trend is identified.
The quantitative simulation of CET relies upon the density and activity of the
heterogeneous nuclei. To illustrate the importance of the nucleation parameters (and hence
grain refining), the effect of reducing the barrier to nucleation (i.e., ∆TN ) from the base
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Figure 14. Laser diameter sensitivity analysis
Figure 15. Temperature power sensitivity analysis
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Figure 16. Initial grain size vs fusion zone grain width. (a) 20µm (b) 40µm (c) 80µm (d)
relationship between initial grain size with final grain width
Figure 17. Mean nucleation undercooling effect on grain structure
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case of ∆TN equal to 5 K to 10 K and 20 K is shown in Figure 17. A decrease in mean
nucleation undercooling favors the formation of equiaxed grains at the top. When the mean
undercooling is low, there is more opportunities for nucleation in the top liquid bulk before
columnar grains dominate this region.
For the columnar grains growth, the grain misorientation information is also ana-
lyzed. This is 6-layer deposit simulation from the front view. Figure 18 shows the evolution
of the grain texture as a function of build height. It is clearly seen that starting from an
equiaxed baseplate with no texture at low height, a strong texture develops due to grain
selection with increasing build height. Within the red dashed rectangle region, the high
mis-orientation becomes less in the top deposit area. But at the region close to substrate,
low and high mis-orientation both exist because overgrowth of grains has not occurred at
this region.
4. CONCLUSIONS
The transient temperature field of one-layer and multiple-layer deposition of Ti-
6Al-4V was simulated with finite element method. The simulation result was validated by
thermocouple experiment. The FE model provides the temperature at a relatively coarse
scale (200) and interpolation algorithm was used to scale the temperature field to match that
of the CA model. The FE-CA model predicts grain morphology evolution as the deposition
cools down. Hence, the instantaneous nucleation law, grain growth, and crystallographic
orientation were modeled in this study. It has been found that the developed “decentered
polygon” growth method is more appropriate for the highly non-uniform temperature field,
and the simulation result is more closed to the real experimental measurement compared
to conventional growth method. The grain size of single layer between simulation and
experiment are similar. It demonstrates that this FE-CA simulation can reasonably predict
thermal history and grain morphology during this case of Direct Metal Deposition. The
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Figure 18. Deviation degrees of grains from substrate to deposit
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sensitivity analysis of thermal model demonstrates the effect of laser spot diameter and
temperature power effect on temperature field distribution. The initial grain size and mean
undercooling effect on grain size and orientation is also quantatively analyzed.
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ABSTRACT
Purpose:
This paper aims to manufacture Ti6Al4V/TiC Functionally Graded Material (FGM)
by Direct Laser Deposition (DLD) using Ti6Al4V and TiC powder. The objective is to
investigate the effect of process parameters and TiC composition on microstructure, Vickers
hardness and mechanical properties.
Design/methodology/approach:
Powder blends with three different volume percentages of Ti6Al4V and TiC were
used as feed material for DLD process. Five experiments with different values of laser
power and scan speed were conducted to investigate the effect onmicrostructure and Vickers
hardness for different compositions of feed material. Mini-tensile tests were performed to
evaluate the mechanical properties of the FGM samples. Digital Image Correlation (DIC)




This paper indicates that primary carbide, eutectic carbide and un-melted carbide
phases are formed in the FGM deposit. As the energy density was increased, the primary
and secondary dendrite arm spacing was found to increase. As TiC composition was
increased, Young’s modulus increased and UTS decreased. The dendritic morphology of
primary TiC growth was expected to cause low resistance for crack propagation causing
lower UTS values. Tensile specimens cut in vertical orientation were observed to possess
higher values of Young’s modulus in comparison with specimens cut horizontally at low
carbon content.
Originality/value:
Current work presents unique and original contributions from the study of miniature
FGM tensile specimens using DICmethod. It investigates the effect of specimen orientation
and TiC content on Young’s modulus and UTS. The relationship between energy density
and dendritic arm spacing was evaluated. The relationship between laser power and scan
speed with microstructure and Vickers hardness was investigated.
Keywords: Direct Metal Deposition, Functionally Graded Material, Microstructure, Me-
chanical Properties, Ti6Al4V/TiC
1. INTRODUCTION
Titanium alloys, especially the Ti6Al4V alloy, are widely used in the aerospace,
medical and manufacturing industries. Ti6Al4V possesses excellent properties, such as
high strength-to-weight ratio, high temperature strength, low density and excellent corro-
sion resistance [1][2]. However, Ti6Al4V doesnâĂŹt have high surface hardness, stiffness
or wear resistance. This limits the use of Ti6Al4V in applications involving extreme condi-
tions. Metal Matrix Composites (MMC) with ceramic reinforcements are often considered
as candidate materials for applications requiring improved mechanical, tribological and
material properties. TiC can be deposited together with Ti6Al4V since it has the low den-
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sity, similar coefficient of thermal expansion, high hardness, and high YoungâĂŹs modulus
[3][4][5]. This system can be developed to improve microstructure and increase struc-
tural stiffness and hardness in the aerospace and medical field.[6] Liu et al.[7] investigated
TiC/TA15 composite for microstructure and room temperature tensile properties. Material
fabricated with different TiC volume fractions ranging from 5% to 15% were tested during
Laser Melting Deposition (LMD) process. It was found that the failure mechanism of the
composites during tensile test was significantly influenced by particle cracking. Candel
et al. [8] concluded that material and tribological properties were significantly improved
by the incorporation of TiC particles to reinforce hot rolled Ti6Al4V. Liu et al.[9] studied
tensile strength and elongation of LMD fabricated TiC/TA15 composite with 10% TiC
reinforcement at elevated temperature. Ochonogor et al. [10] developed titanium metal
matrix composite to improve the hardness and wear resistant properties by changing TiC
content. Mahamood et al. [11] studied the effect of transverse speed on microstructure,
microhardness and wear resistance of laser deposited Ti6Al4V/TiC composite.
However, when the TiC content is increased, deposit becomes prone to crack ini-
tiation and high porosity. This is due to the obvious differences in coefficient of thermal
expansion, ductility and toughness of Ti6Al4V and TiC [12][13]. FGMs can be selected as a
candidatematerial to improvematerial properties and fabricate crack and pore free deposited
parts. Liu andDuPont [12] developed functionally gradedTiC/commercially pure Timateri-
als by Laser Engineered Net Shaping (LENS) with compositions ranging from pure titanium
to approximately 95 vol% TiC. Microstructural characteristics, micro-hardness, and phase
formation of different composition were investigated. The macro-crack can be observed
in the homogeneous deposits. Wang et al. [14] investigated the compositionally graded
building of Ti6Al4V reinforced with TiC material under fixed laser power and scan speed
by direct laser fabrication. Properties of microstructure and tribology were also studied.
Obielodan and Stucker [15] investigated the effect of different dual-material transition joint
designs on tensile and flexural strength for Ti6Al4V/5wt%TiC and Ti6Al4V/10wt%TiC
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6 750 600 32-45 45-75 0.3-2.2 1
7 3200 900-6300 <60 150-200 2.88 2
8 420 510 45-150 45-150 - 0.5-1
9 1500-
1800
240 75-150 75-150 - 3
10 1100 150 100-200 wire - 3
11 200-
270
changing 45-150 125-210 changing 2
composite. Mechanical properties of the joint structures, including flexural strength, tensile
strength, yield strength and elastic modulus were evaluated. Mahamood and Akinlabi [16]
developed functionally graded Ti6A4V/TiC composite by comparing deposit dimension,
microstructure and wear resistance under fixed and optimized process parameters. All the
process parameters and powder size of previous work are listed in Table 1.
Although some research has been performed on this FGM system, there is very few
knowledge on the influence of laser power and scan speed on microstructure, hardness,
and mechanical properties. The composition effect on Young’s modulus and UTS is also
rarely investigated. In the current work, microstructure, hardness and X-ray diffraction were
performed on DLD fabricated Ti6Al4V/TiC FGM. Influence of laser power and scan speed
variation on material properties are discussed. In order to improve the stiffness of Ti6Al4V
structure, the optimized laser power is employed to build Ti6Al4V/TiC FGM deposit. The
mechanical properties for different compositions and specimen orientations in an FGM are
investigated. Miniature tensile tests were conducted, and DIC analysis was implemented
for estimation of mechanical properties in horizontal and vertical directions. The fracture
mechanism for different TiC compositions was also analyzed. The experiment result can
combine both material advantages and provide the data for future high stiffness structure
selection.
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Figure 1. SEM images of (a) gas atomized spherical Ti6Al4V powder and (b) irregular TiC
powder. (c) TiC powder sieve analysis data
2. EXPERIMENTAL PROCEDURES
The feed material used in this study was gas atomized Ti6Al4V powder mixed with
varied volume percentages of TiC powder. The particle sizes of the Ti6Al4V spherical
powder was between 125µmand 250µm. TiC powder (99.5% pure ) had particle size
distribution of 45µm to 150µm, which is similar to chosen powder size (45µm − 200µm)
in Ref [10] - [15]. TiC particles have been sieved to remove the fine particle (< 45µm)
and large particle (> 150µm). The particle size distribution is shown in Figure 1(c). The
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Figure 2. Schematic layout of the DLD system performing thin-wall deposition
substrate material was grade 5 hot rolled Ti6Al4V alloy. Powder blends of TiC and Ti6Al4V
with 10vol%, 20vol% and 30vol% TiC were premixed for manufacturing the TiC/Ti6Al4V
FGM parts. TiC powder was not gas atomized and was hence irregular. However, the
blended powder was expected to flow freely due to the spherical Ti6Al4V. The experiments
were carried out using a 1kW Nd-YAG laser (IPG), edge nozzle powder delivery system
and a computer controlled multiple axes translator.
The two powders (Ti6Al4V and TiC powder) were dried in a furnace for 20 minutes
at 180 C, then mixed for 30 minutes on a TURBULA mixer. The laser beam diameter
was approximately 2mm. Argon gas was utilized to shield the deposition and transport
mixed powder. The surface of the substrate was ground with SiC abrasive paper and then
degreased with alcohol prior to the DLD process. This was done to remove oxide scale
and impurities from the surface of the deposit. A schematic diagram of the laser deposition
process is shown in Figure 2.
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Sample 1 400 300 2”× 0.5”×
0.25”
40.0 10%-20%-30%
Sample 2 550 200 2”× 0.5”×
0.25”
82.5 10%-20%-30%
Sample 3 550 300 2”× 0.5”×
0.25”
55.0 10%-20%-30%
Sample 4 550 400 2”× 0.5”×
0.25”
41.3 10%-20%-30%
Sample 5 700 300 2”× 0.5”×
0.25”
70.0 10%-20%-30%
Substrate material was cut to 2 inch by 0.5 inch by 0.25 inch size. Laser power
ranged from 400W to 700W, and the scan speed varied from 200mm/min to 400mm/min.
Therefore, the energy density varied from was 40.0 to 82.5 J/mm2. The experimental
parameters are shown in Table 2. Specimens were cut, ground, polished and etched in order
to do for microscope observation and material property testing. A FEI Helios NanoLab
DualBeam SEM was used to observe the cross sectional microstructure. A DURAMIN
tester was utilized to measure the Vickers hardness. A Philips MRD was used to do XRD
analysis on the deposit. An INSTRON UTM was used to conduct miniature tensile test.
Ti6Al4V and TiC powder morphology is shown in Figure 1.
Energydensity =
P
v × w (1)
P is laser power, v is scanning speed and w is the diameter of laser spot.
Another set of experiments was conducted to fabricate and test the mechanical prop-
erties of FGM specimens with different TiC composition and changing process parameters.
The thin-wall FGM structures were deposited with 10vol% to 30vol% TiC. Each composi-
tion was deposited for 60 layers. To ensure good bonding with the substrate, initial three
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Figure 3. Mini-tensile illustration of (a) Specimen size (b) horizontal and (c) vertical
specimen layout illustration
layers were performed at a power of 800W higher than the appropriate optimal power levels.
Then laser power drops to 450W gradually and keeps at 450W in order to prevent too much
heat input and keep constant melt pool width and depth. The powder feed rate is constantly
3g/min. The laser beam diameter was maintained at approximately 2mm at a focal distance
of 750mm to the substrate. The layer thickness is set approximately at 0.2mm. The scan
speed was set constant to 550mm/min for all the thin-wall depositions. The dimension of
as-deposited sample is shown in Figure 4. Mini tensile specimens [17] , were prepared
with EDM, dimensions of the specimen are shown in Figure 3(a). Mini tensile specimens
were cut in horizontal and vertical patterns, schematic layout of the specimen location is
shown in Figure 3(b) and (c). Direct measurement of elongation using an extensometer
is difficult owing to the small size of the specimen. Therefore, DIC analysis [18][19] was
employed to calculate displacement, principal and secondary strain and Young’s modulus.
It is appropriate for heterogeneous materials as it provides a distribution rather than a single
measurement. During the mini tensile test, constant crosshead speed of 0.045mm/min was
maintained. The composition of TiC was limited to 30% as significant flaws were noticed
at higher content.
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Figure 4. Photograph showing dimension of FGM sample
3. RESULTS AND DISCUSSION
3.1. MICROSTRUCTURE
Figure 5 shows the SEM images of microstructure taken from Ti-6Al-4V/TiC FGM
along the substrate to the top of the deposit. The images show a variation in microstructure
as TiC content was increased. The material was etched using Kroll’s reagent. The shape
and size of TiC are significantly different from the fed TiC powder, suggesting melting of
the powder. Both dissolution and solidification of TiC were observed. Based on the Ti-C
binary phase diagram [20], the eutectic temperature is about 1670 degree Celcius and TiC
will form as the primary phase at a carbon atomic content of 2% and larger. For 10 vol%
TiC mixed powder, the carbon atomic percentage is approximately 8%, which is higher than
the eutectic point. When the carbon concentration in the remaining liquid phase decreases
to the eutectic point, the TiC + β binary eutectic reaction occurs. When the cooling rate is
high, nonequilibrium cooling causes pseudo eutectic reaction to occur near eutectic point,
which forms eutectic carbide as shown in Figure 5(b) and Figure 5(c) [21]. In Figure
5(d), both primary carbide and eutectic carbide appear in the microstructure. When carbon
percentage is increased, the hypereutectic reaction occurs before the temperature drops to
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eutectic temperature. As carbon content increases, the difference between the liquidus
temperature and eutectic temperature becomes larger, which allows more time for primary
carbide growth. Therefore, the long primary dendritic carbide can be seen in Figure 5(e).
At the top of the deposit, some un-melted particles of carbides were found to remain. This
presence was attributed to insufficient heat input caused by the increasing TiC content.
Figure 6 shows the morphology of primary and eutectic carbide under different
energy densities. It can be observed that, as energy density was increased from 40 J/mm2
to 70 J/mm2, the size of primary carbide becomes larger. The primary dendrite arm
spacing (PDAS) frommaterial made under three different energy densities are 19.0±1.2µm,
26.1 ± 5.7µm and 61.9 ± 15.7µm. The average secondary dendrite arm spacing (SDAS)
of three different laser power is 1.2 ± 0.2µm, 1.7 ± 0.2µm and 2.9 ± 0.5µm. The PDAS
and SDAS increase due to the higher laser power resulting in a slower cooling rate during
solidification. This provides dendrites with more time to develop and grow.
3.2. HARDNESS RESULTS
The deposited samples were tested with Vickers hardness at 1 kg force and 10 second
loading time. Figure 7 shows the indentation positions on one of the FGM samples. The
Vickers hardness profile is shown in Figure 8 and Figure 9. The lowest hardness value
appears in Ti-6Al-4V substrate region, which is 300 HV1. Along the deposition direction,
the hardness value increases to approximately 600 HV1 owing to the increasing content
of carbide. The nonlinear increase might be due to the diffusion of carbon and the differ-
ence between unmelted carbide and re-solidified carbide hardness. The Vickers hardness
measurement found, three laser power and scan speed doesn’t significantly influence FGM
deposit hardness distribution.
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Figure 5. Microstructure of Ti-6Al-4V/TiC FGM deposit: (a)-(f): SEM images of mi-
crostructure along the height of the FGM deposit.(a, b): 0-10% TiC; (c, d): 10%-20% TiC;
(e, f): 20%-30% TiC
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Figure 6. Microstructure of re-solidified carbide made under different energy density: (a)
40.0J/mm2 (400W, 300mm/min). (b) 55.0J/mm2 (550W, 300mm/min). (c) 70.0J/mm2
(700W, 300mm/min)
Figure 7. Optical dark field image showing Vickers hardness measurements performed
across the height of the FGM
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Figure 8. Vickers hardness distribution from substrate to top deposit for different scan
speeds
Figure 9. Vickers hardness distribution along the FGM (with approximate TiC composition
variation markers) with different laser power
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Figure 10. XRD peak patterns taken from: (a) top of the FGM and (b) bottom of the FGM
3.3. XRD ANALYSIS
Figure 10 shows X-Ray Diffraction (XRD) patterns taken from different locations
along the height of the deposit. XRD was able to detect α-Ti (HCP), β-Ti (BCC) and TiC
(FCC) phases. An approximate area of 2mm×2mmwas analyzed in the XRDmeasurement.
There were no intermetallic phases identified in the analyzed area. At the top of Ti-6Al-
4V/TiC deposit, the TiC phase was dominant over α-Ti and β-Ti, this is in agreement with
the microstructure and hardness result. Although α-Ti content was higher than β-Ti, there
was β-Ti still remaining. This can be attributed to the high cooling rate in the solidification
process. At the bottom of Ti6Al4V/TiC deposit, α-Ti and β-Ti were the dominant phases.
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3.4. MECHANICAL PROPERTIES
Figure 11 indicates the first principal strain field estimates on a horizontal specimen
taken from 30%TiC section of the FGM. X and Y axes represent the pixel locations along
two directions. The images show uniform elongation at different instances during the test.
This demonstrates that there is no significant compositional variation within the Region
Of Interest (ROI). It can be seen that the DIC analysis is suitable to obtaining the whole
strain field during the whole tensile process. Because of the small dimension of mini-
tensile specimens, the extensometer cannot be fixed on the specimen directly. The slippery
displacement between the specimen and extensometer will result in the error of strain
measurement. DIC method, based on the feature match between different images, can
eliminate the extensometer limitation. Figure 12 indicates the stress-strain curves gathered
from testing different TiC composition specimens cut in vertical and horizontal orientation.
The starting values for strain are different among the specimens due to the differences in
elongation from preload (100N). The variation of initial strain results from the differences
in Young’s Modulus. The 10vol% TiC, specimen’s stress-strain curve indicates yielding.
However 20% and 30%TiC specimens do not indicate clear yielding. It can therefore be said
that, the ductility declines significantly as the TiC content is increased. Figure 13 indicates
that the stiffness increases with the percentage of TiC. Young’s modulus of as-DLDed
Ti6Al4V is approximately 95 GPa [22]. For FGM samples, Young’s modulus increases
from 108 ± 8GPa to 167 ± 17GPa. For 10% and 20% TiC specimens, Young’s modulus
from vertical specimens is slightly higher than horizontal specimens. This difference is
expected due to the preferential solidification occurring during thin-wall fabrication. These
thin-wall structures are expected to have vertical columnar grains due to the high vertical
thermal gradient. The higher modulus of high carbon content is due to the existence of
eutectic, primary and unmelted carbide under high cooling rate. It can be observed that the
UTS drops with the increase of TiC content as shown in Figure 14. UTS values decline from
991 ± 56MPa for 10vol% TiC to 551 ± 34MPa for 30% TiC. The influence of horizontal
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and vertical layout was observed to be insignificant. This strength drop can be attributed
to two reasons: the lower damage tolerance of the composite and the premature failure of
TiC particle. Although carbon in the solid solution would result in the strength increase to
some extent [23], this is only valid when carbon percentage is smaller than a critical value.
The solubility of carbon in Ti matrix is significantly low based on the Ti-C binary phase
diagram [24]. When carbon content is much higher than the solid solubility under high
cooling rate, the remaining carbon cannot be solved in the matrix. The premature failure of
TiC particles results in crack initiation and propagation during the tension, thus decreasing
the strength of the composites. The large blocky carbide particles with defects are readily
vulnerable to the premature fracture, thus inducing the high multi-axis stress. Moreover,
high carbon content degrades the ductility of the composite and inhibits the matrix plastic
flow, which makes the composite more sensitive to initial defects at a low stress level.
SEM images of the fracture surfaces from mini-tensile specimens are shown in
Figure 15. Acronym meanings are shown here, PF: particle fracture. SC: secondary
cracking. PPH: particle pullout hole. The fracture surface of Ti6Al4V is shown in Figure
15(a). This dimpled surface represents ductile fracture. Figure 15(b), (c) and (d) show the
brittle fracture surfaces on the tensile samples. It can be stated that, cracks generated in
the primary titanium carbide readily propagate along the dendritic carbide phase. Some
particle fracture (PF) and secondary cracking (SC) can also be observed on the fracture
surfaces. From Figure 15(c) and (d), the smooth cleavage planes of TiC can be clearly seen.
Most un-melted TiC particles are expected to be broken directly and particle fracture can
be clearly observed. The dendritic shapes on the fracture surface indicate fractures around
the dendritically solidified TiC. TiC is also expected to dissolve into titanium matrix before
until the maximum solid solubility of carbon is achieved, making the matrix brittle. These
brittle fracture show the adverse effect of excess TiC on strength and ductility [25]. Some
degree TiC clustering was observed on the fracture surface, this was similar to observations
in previous work[26]. This clustering is expected to reduce the ductility due to TiC fracture
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Figure 11. First principal strain field of 30% TiC horizontal specimen at (a) time = 22.7s
(b) time = 47.6s and (c) time = 64.2s during mini-tensile test
Figure 12. Mini-tensile stress-strain curves for Ti6Al4V, 10%TiC, 20%TiC and 30% TiC
with (a) horizontal and (b) vertical specimens
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Figure 13. Young’s modulus for different TiC composition with horizontal and vertical
specimens
Figure 14. UTS for different TiC composition with horizontal and vertical specimens
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Figure 15. SEM micrographs of tensile fracture surface indicating (a) ductile fracture in
Ti6Al4V and (b) (c) (d) brittle fracture with micro-cracks in 10%, 20% and 30% TiC
and plastic instability at low strain [27][28][29]. Micro-cracks have also been found on the
fracture surfaces. The existence of these micro-cracks decreases the resistance against crack
propagation in the matrix. Uneven distribution of TiC un-melted particles was observed in




1) Ti-6Al-4V/TiC FGM from 0 vol% to 30 vol% was successfully fabricated by DLD
process using premixed powder as the feed material. Primary carbide, eutectic carbide
and un-melted carbide phases were observed in the microstructure. α-Ti, β-Ti and FCC
structure of TiC were detected by XRD.
2) As energy density was increased, the primary and secondary dendrite arm spacing size
also observed to increases.
3) The Vickers hardness measurements revealed an increase from 300VH1 to 600VH1 from
along the height of the FGM. Among the chosen set of processing parameters no significant
differences in hardness were produced.
4) DIC analysis was found appropriate for investigating mechanical properties of heteroge-
neous mini-tensile specimens. Measurements of Young’s modulus from vertical specimens
were slightly higher than those of horizontal specimens. Young’s modulus increases and
UTS decreases with increasing TiC content. Young’s modulus varies from 108 ± 8GPa to
164±14GPa, the UTS drops from 991±56MPa for 10vol% TiC to 551±34MPa for 30%
TiC.
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2. SUMMARY AND CONCLUSIONS
Since prediction, and control ofmicrostructure andmechanical properties are critical
to meeting strict industrial requirement, it has attracted a lot of attention during conventional
metal manufacturing process, such as casting, under different conditions. However, there is
few investigations focused on microstructure simulation and mechanical properties under
different process parameters during DMD process. It is challenging because the whole
process, compared to the traditional manufacturing process, is a non-equilibrium, multi-
phase change, multi-component, and highly non-uniform field phenomena.
A multi-scaled predictive model is developed to simulate grain structure evolution
during the DMD process. The transient temperature field of one-layer and multiple-layer
deposition of Ti-6Al-4V is simulatedwithmacro-scale finite elementmethod. TheFEmodel
provides the temperature at a relatively coarse scale and linear interpolation algorithm was
used to scale the temperature field to match that of the CA model. The FE-CA model can
predict grain morphology evolution as the cycling heating and cooling occurs. Hence, the
instantaneous nucleation law, grain growth rate, and crystallographic orientation selection
are modeled in this study. It has been found that columnar grains dominate in the multiple-
layer deposition in the simulation. The grain size becomes larger when the position is
closer to the top area of the deposition because of grain overgrowth among columnar grains,
which matches well with the optical microscopic result. It demonstrates that this FE-CA
simulation can reasonably predict thermal history and grain morphology during DMD.
In order to simulate grain structure evolution under highly non-uniform temperature
field, a “decentered polygon” grain growth method is developed in the CA model. It can
simulate heterogeneous nucleation sites, grain growth orientation selection and growth
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rate, epitaxial growth of new grains on the interface, remelting of preexisting grains, metal
addition, grain competitive growth, and columnar to equiaxed transition phenomenonwithin
substrate and melt pool domain. Compared to the previous grain growth method, it has
been proved that the simulation result, modeling overgrowth and keeping crystallographic
orientation, is more closed to the real experimental measurement. The grain size of single
layer and multiple layer between simulation and experiment are similar.
In order to investigate the effect of process parameters and composition on mi-
crostructure and mechanical properties during DMD, crack-free Ti-6Al-4V/TiC FGM from
0 vol% to 30 vol% is successfully fabricated by premixed powder as the feed material.
Primary carbide, eutectic carbide and un-melted carbide phases are observed in the mi-
crostructure. α-Ti, β-Ti and FCC structure of TiC are detected by XRD. As energy density
is increased, the primary and secondary dendrite arm spacing size also observed to increases.
The Vickers hardness measurements revealed an increase from 300VH1 to 600VH1 from
along the height of the FGM. Among the chosen set of processing parameters, no signif-
icant differences in hardness were produced. Digital image correlation analysis is found
appropriate for investigating mechanical properties of heterogeneous mini-tensile speci-
mens. Measurements of Young’s modulus from vertical specimens were slightly higher
than those of horizontal specimens. Young’s modulus increases and UTS decreases with
increasing TiC content. Young’s modulus varies from 108 ± 8GPa to 164 ± 14GPa, the
UTS drops from 991 ± 56MPa for 10vol% TiC to 551 ± 34MPa.
The overall outcomes of this dissertation addressed several key issues which chal-
lenge the application of direct metal deposition. It develops a multi-scale model to simulate
grain structure evolution during deposition process. The new grain growth method is
developed so that it is more appropriate for high cooling rate and non-uniform field condi-
tion. It also analyzes the effect of composition and process parameters on as-deposit part’s
microstructure and properties during DMD process.
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